Left atrial anatomy and myocardial architecture are known to influence rotor initiation and maintenance. However. identifYing their relative contribution clinically is challenging. The present study aims to investigate in silico the effect of left atrial geometry in isolation on rotor generation and evolution through the spatiotemporal tracking of phase singularities. After meandering for a short period of time, rotors are attracted to specific areas of the chamber where there is high curvature, primarily near the base of the left atrial appendage and the junctions of the pulmonary veins. This suggests that the left atrial anatomy could play a key role in the perpetuation offibrillatory activity.
Introduction
Atrial fibrillation (AF) is the most common type of cardiac arrhythmia. One theory about AF maintenance is the presence of localized sources termed rotors [1] . A rotor is defined as a high frequency curved wavefront, which meets the wavetail at a single point and is characterised by the absence of refractory tissue at the centre [2] . Until recently, the presence of rotors was only observed in animal experimental studies [3] , but localized and stable rotors in human AF have now been identified [4, 5] . This progress may increase the efficacy of targeted left atrial ablation therapy.
Clinical studies [6] and human myocardium-based computational studies [7] suggest that rotors may be constrained temporarily or persistently in limited areas of the LA, because of discontinuities in the fibre architecture. In addition, human atria exhibit fibrosis and scar outside the pulmonary veins (PV) to a considerable degree, which may contribute to the initiation mechanisms for AF in many patients [8] . A variety of computational models propose that fibre orientation, fibrosis and the geometry of LA together can play an important role for the generation of anisotropic conductivity [9, 10] .
Clinical studies show that LA size and diameter and the PV structural characteristics in isolation [11] [12] are related with the outcome of catheter ablation and are useful as independent predictors of AF recurrence. In this paper, we investigate, using a computational model, and anatomically accurate LA geometries derived from persistent AF patients, the effect of geometry in isolation on the maintenance of localised fibrillatory propagation, the spatiotemporal evolution of rotors over time and their association with anatomical characteristics.
Methods

Mesh generation
The closed three-dimensional LA endocardial surface geometry was segmented from late-gadolinium enhanced magnetic resonance imaging (LG-MRI) data, using ITK SNAP [13] . The mitral valve and the PV sleeves were opened in order to produce a topologically accurate finite element mesh of the atrial chamber and PV sleeves. Gmsh [14] , a high-order three-dimensional finite element mesh generator, was used to remesh the surface using a coarser uniform triangulation, which consisted of elements of approximately the same characteristic length of a size appropriate for use with a high-order spectral element discretisation [10] . A second mesh, which was used for generating a two-dimensional unwrapping of the surface, was created by adding cuts on either side of the atrium from the mitral valve up to the ends of the veins.
Simulation protocol
Simulations, using the uncut finite element mesh were performed using the Nektar++ high-order spectral/hp element framework [16] , in which the solution on each mesh element is approximated using a basis of high-order polynomials. Spectral/hp element methods support convergence of the solution through both mesh refinement and enrichment of the polynomial space, permitting accurate representation of propagating action potential wavefronts with fewer degrees of freedom than conventional linear finite element methods. The monodomain model for describing electrical propagation in cardiac tissue and the Courtemanche-Ramirez-Nattel (CRN) human atrial cell model [17] were used. The CRN model includes modifications representative of the effects of AF on human action potential properties, for biophysically accurate cellular dynamics.
For the purpose of this study, fibre architecture was ignored. The tissue architecture was prescribed as isotropic with a fixed conductivity of 0.13342 S/m. Evolution of spiral waves was investigated through an ensemble of twenty simulations, paced at uniformly distributed locations throughout each model. These initial stimulus locations were placed both around the PV s and throughout the anteroposterior area. For each pacing location, an S I-S2 extra stimulus protocol was applied. A wide-area S 1 stimulus of 50llAlmm 3 was followed 315 ms later by a second smaller S2 stimulus of strength lOOllA/mm 3 on the boundary of the Sl stimulus to initiate two counter-rotating spiral waves. The area of the SI 482 Ii) Iii) Figure 2 . Illustration of a representative pair of phase singularity trajectories (i) and its analogue according to the chirality of phase singularities (ii) for two rotors generated from the same pair of S 1-S2 stimuli. The colour code reflects the time point when a phase singularity was detected.
stimulus was chosen sufficiently large to ensure the rotors were self-sustaining.
Phase mapping
The three-dimensional LA surface was unwrapped into a two-dimensional representation [18] as illustrated in Figure 1 . This transformation aims to preserve local distances and therefore minimize distance distortions allowing rotor trajectories to be more readily analysed. Voltage data generated through simulation were mapped to the planar surface and interpolated to a regular grid. The phase of the voltage data for each point of the regular grid was calculated and phase singularities were subsequently identified using the topological charge technique [19] . The movement of phase singularities was tracked over time to identify rotor core trajectories.
Results
The stimulus protocol in each simulation resulted in the fonnation of a pair of phase singularities with opposite chirality (Figure 2ii ). The corresponding rotors meandered on the 3D surface ( Figure 2i ) and were primarily attracted by the left atrial appendage (LAA) and the PVs (Figures 2-3) , where they became spatially stable and meandered only within a small region. The mean distance travelled by rotors from the S2 stimulus point to the centroid point of the area of stability differed between meshes (P=0.0465) ( Table 1) . Furthermore, there was no correlation between distance travelled by rotors and surface size (r = -0.06557, 95% CI = -0.255 to 0.1287, P = 0.4961).
Rotor trajectories were observed to be sensitive to the initial stimulus location. Figure 3 shows three simulations of the spatiotemporal evolution of rotors initiated near the RSPV. These examples show significant variation in the trajectories of the rotors and consequently the location within the LA in which they stabilize. To identify regions of rotor attraction and relate these to anatomical properties of the chamber geometry, a phase singularity distribution map was constructed for each patient and shown in Figure 4 . These show the number of phase singularities detected per second for each mesh node of the 2D representation. Rotors are attracted by and typically remain stable in areas of higher geometrical curvature. These are often locations between the LAA and the left superior PV, such as shown in 
Discussion
This study provides insight into the influence of LA structure on rotor evolution. Rotors were detected and their trajectories tracked through the identification of phase singularities in the voltage. Stimulation locations were observed to affect the trajectories of rotors and the location where they ultimately became spatially stable. These areas are predominantly identified around the LAA, between the left superior PV and the LAA or between two adjacent PVs. These are consistently areas with high geometric curvature.
The stimulation protocol used in this study consistently produced a pair of rotors, which will necessarily interact with each other, potentially influencing their trajectories. However, we were unable to reliably generate a single rotor under isotropic conditions to assess this. Another limitation in the present study is that the LAA of one patient is particularly large (Figure 4v) and cannot be flattened completely. This may have distorted the phase singularity analysis, although analysis of the voltage data suggests the heat map is qualitatively accurate.
The conclusions drawn in this study are predominantly observational and based on a small cohort of three atrial geometries. In future work we will increase the nwnber of patients in the cohort, as well as perform a qualitative comparison with the curvature of the surface. Subsequently, we will apply the same experimental conditions and analysis to a model augmented with fibrosis and/or fibre architecture, in order to investigate the relative contributions of LA geometry and tissue micro-architecture on the maintenance of fibrillatory conduction.
